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An inventory of speechlike sounds was synthesized displaying systematic variations of the rate and direction
of formant transitions. These sounds were specified by a set of vowel formant patterns selected along a
continuum varyiog from [g] to [1]; they were assigned to isolated, steady-state vowels, and to the points
of zero rate of formant frequericy change in symmetrical consonant-vowel-consonant syllables. The time
variations of formant frequencies were made convex and concave by the choice of two consonantal frames:

[w-w]and [[j-j]. The results obtained in a series of vawel identification experiments indicate that a listener’s
 Categorization of the continuum varied as a function of the environment and the duration of the vowel.
These findings suggest that, in-the recognition of ‘monosyllabic nonsense speech, the identity of a vowel is
determined not solely by the formant-frequency pattern at the point of closest approach to target, but also
by the direction and rate of adjacent formant transitions. In general, subjects adjusted their categorizations
of the continuum in the consonantal contexts in such a way that complete transitions between Joci and

vowel target were not necessary: the transitions were
“the vowel. In particular, the excursions of formants
Thus, there was a tendency for the categorizations to

permitted to undershoot the target frequencies for

in the [w-w] syllables tended to be overestimated.
be made 30 as to compensate for the formant-!

undershoot associated with vowel reduction [B. Lindblom, “Spectrographic Study of Vowel Reduction,”
J. Acoust. Soc. Am. 35, 1773-1781 (1963)]. The effects observed are discussed in terms of an active model

tions on vowel perception. °

. "L PROBLEM OF VOWEL RECOGRITION

HIS study deals with an aspect of human vowel
recognition. Basic to the exploration of this

- process is an understanding ‘of the conditions under
which the mechanisms underlying recognition operate.
For the vowel system of a given language, these con-
ditions are determined by the relation between the
- ‘'sounds to be decoded and the categories to be recog-
nized. This relation, in turn, is dependent on how the
acoustic realizations of vowels are constrained in the
generation of speech. In this article, we begin with a
‘brief examination of the mechanism of speech produc-
tion in order to point out a problem inherent in the
recognition of vowel sounds generated by this mech-
anism. The results of an experiment on vowel identifica-

* During the initial stages of this work guest researcher at the
Res. Lab. FElectron.,, MIT, Cambridge, Mass., and Haskins
Laboratories, New York. ’
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... of vowel recognition, peripheral auditory analysis, distinctive features, and previously reported observa- »

L O )
I

‘tion will then be presented and discussed in the light

of this problem. : .

‘The range of acoustic shapes characteristic of vowels
is limited by the constraints of speech production.
For a given articulatory system, constants and physical
laws set certain margins of performance beyond which
the system cannot go. Within these limits, the availahle
degrees of freedom are used in two ways. On the one
hand, there are articulatory control mechanisms related
to the categories and processes postulated in the formal
description of a lariguage : these mechanisms exploit the
available physiological apparatus for linguistic purposes.
On the other hand, there are extralinguistic mechanisms;
such as those producing variations in speaking rate,
vocal effort, etc., or reflecting the play of psychological
variables: these mechanisms tend to perturb the former '
basic underlying processes. It is hypothesized herein
that, in terms of the substrate of linguistically deter-
mined articulatory conirol, an utterance is organized
s a succession of vocal-tract states, there being a low
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number of such states associated with each phoneme,
At the level of articulatory performance, however, the
picture is different, for the gestures invoked to actualize
these states are relatively slow: ‘They merge spatially
and temporally into a continuous process that often
only approximates the intended States and continually
exhibits instances of coarticulation. For experimental
data compatible with these ideas and similar views of
speech production, see Refs. 1-8. When the control is
relaxed or perturbed by extralinguistic variables, thcse
effects become even more marked so that ellipsis and
reduction may result. For syllable production, a super-
ordinate timing mechanism is required to control the

relative moments at which maneuvers towards ad-

jacent consonant and vowel goals are initiated, Since
 there are physiological and mechanical limitations on
the rates at which such maneuvers can be carried out,
the extent of the articulatory movements within a
given syllable can vary as a function of the temporal
pattern of syllabic gesture initiation. A consequence
of this organization for the Pronunciation of a vowel is
‘that the speech organs sometimes undershoot the
articulatory target of the vowel. As the temporal
Proximity of adjacent gesture initiations increases, the
undershoot effect observed in the vowel of, for example,
a consonant~vowel~consonant (CVC) syllable tends also
to increase. Acoustically, the typical vowel segment
will then appear as a continuously varying event. Only
rarely will its formants reach a steady state. At some
point during the segment, however, they will approach
‘the pattern corresponding to the underlying target
more closely than at other instants. Formant frequencies
sampled at this moment, may be considerably displaced
from their target values owing to the undershoot and
perturbation effects. (Refs. 2, 3,4,and 6.) )
* The acoustic information on a vowel phoneme
- generally present in the speech wave can be stylized
© as.a sequence of three elements: transition-}-patters

at point of closest approach to target+transition. We - ‘1ap of the vowel areas. Taking the third formant into

- account reduces this overlap somewhat, especially in
) T S i ‘ -+ . ‘the front and close vowel region, but is far from remov-
! M. Halle and K. N. Stevens, “Speech Recognition: A Model .

have pointed: out that these e!emeqt§ are subject to

- and a
155-159 (1962). - . . .
"~ K. N. Stevens and A. S. House, “Perturbation of Vowel

for Research,” IRE Trans. Inform. Theory IT-§,

Articulations by Consonantal Context: An Acoustical Study,”
L Sged: & Hearing Res. §, 111-128 (1963), .
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F1c. 1. Ambiguity of raw first and second formant data sampled
at points of closest approach to target (Swedish).

considerable contextual modification. These modifica-
tions sometimes make the middle element ambiguous.

- An illustration of such ambiguity is given in Fig. 1.

This figure is based on spectrographic measurements
of the formant frequencies of eight long and eight short
Swedish vowels pronounced by one talker. The data

- refer to samples at points of closest approach to target.
- ‘The immediate environment of
" [e'd—d], preceded by a carrier phrase. The talker was

these sounds was

instructed to attempt to vary his rate of speaking in
synchrony with a timing signal presented to him over

~an earphone. Each vowel was repeated about 18 times

- -at different rates. In an- F1~F, plot, it can be seen that

the sampling procedure used causes considerable over- -

ing it completely. There is every reason to believe that,
for normal’ conversational speech, similar data would
show even greater overlap. In ‘a language with a rich.
vowel system such as Swedish, the risk of ambiguity
would seem to be particularly great. But in other types
of languages such as Japanese, ambiguity has also been
shown to occur.? For ambiguity in American English
vowels, see Figs. 5 and 6, which are discussed later.

From the point of view of the above singie-sample
specifications, the problem of vowel recognition is to
recover the identity of the underlying target in the face
of ambiguity and large perturbation effects. Obviously,
in human recognition of speech this problem is normally

0. Fujimura and K. Ochiai, “Vowel Identification and
Phonetic Contexts,” J, Acoust. Soc, 35, 1889 (A) (1963).
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coped with. To explain how, we might argue that a
listener relies on “context.” For instance, he may use
the more absolutely identifiable cues in longer segments
of speech to infer the identity of the reduced vowels
from various phonological, syntactic, and semantic
constraints. Or again, perhaps our selection of an
isolated, acoustic vowel attribute gives a misleading
perspective of the vowel recognition problem: Other
information in the short-term acoustic context, such as
the direction and rate of adjacent formant transitions,
may also be important in the auditory representation
of the signal and the processes of symbol assignment.
It is precisely this latter possibility that is examined
in the present paper. :

An identification experiment was performed in order
to investigate the relative réles that formant transi-
tions and the formant pattern at the point of closest
approach to target play in vowel recognition, and to
ascertain whether operations contributing to the “solu-
tion” of the vowel-recognition problem, as formulated
above, are invoked at the level of monosyllabic non-
sense speech. In the experiment, American English
listeners were asked to identify vowel sounds presented
under steady-state conditions and in symmetrical CVC
syllables. The vowel-formant patterns assigned to the
points of closest approach to target were selected from
a continuum ranging from [1] to [u]. The rate and
irection of the adjacent transitions were systematically
varied by the choice of two consonantal frames:
[w-w] and [j-j]. Two main possible outcomes of the
experiment were -anticipated. It was argued that a
listener might categorize the vowel continuum in one
of two ways., . e
® Context-free case: Categorization would be the same
for the # V#, [w], and [j] contexts. As long as two
stimuli had identical’ formant  frequencies at their

midpoints they would: be’ perceptually’ equivalent no

- transitions. This.resilt would: fudicate, that sampling

gt

" occurs at.zero rate of change'of formants, and that the "

* measurement of the midpoint formant frequencies can

- be made by the auditory system irrespective of transi- -

. tional context. Symbol assignment would be based on
a straightforward classification of auditory patterns.

® Conlext-dependent case: Categorization would vary:
The boundary between [1] and [u] vowels would
shift as a function of context. The interpretation of this
result would depend on the details of the boundary
displacements,

II. STIMULUS SPECIFICATION

The stimuli were constructed, according to the above
three-element model, so as to contain an initial transi-
tion, a pattern of closest approach to target, and a final
transition. The basic building blocks were 20 points
along a vowel-formant continuum and two sets of
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jacent formant frequency

' represented graphically in Fig. 2.
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F16. 2. Formant frequencies of vowels and consonants used to
generate synthetic stimuli of # V# and CVC structure.

consonantal loci. The loci served as starting points for
the initial transitional segment and the vowel patterns
as the terminals of this segment. The final segment was
always the mirror image of the first half of the stimulus,
Thus, these syllables were of symmetrical CVC struc-
ture. At the start of the stimulus, formant frequencies
remained stationary at locus frequencies for about
20 msec, then moved on to one of the vowel pattemns,
and from there symmetrically back to the same locus
frequencies again. A 20-msec steady-state pattern at
these frequencies terminated the syllable. In this way,
each set of loci was combined with each vowel formant
pattern. DR o
The vowel patterns were selected along a continuum

in the Fr~F-F; space as follows:

F1=350, :
Fy=1000+ (n—1)-1000]/19,
* Fy=23004[ (n— 1)-525]/19_, Lo

where n.Tepresents stimulus number. Thus, Fiis
constant, while F; varies in linear steps of about 53 cps
from 1000 to 2000 cps, and Fj varies between 2300 and
2825 cps in steps of approximately 28 cps. Perceptually,
at the extremes of this continuum,. the vowel sounds

. approach American English [1] and: [u]. The sets of
loci chosen were a [j] set in which F1=250, F3=2200, -
.F3=2900 cps, and a [w] set where F1=250, F3=800, "

Fy=2200 cps: The information on Vowels' and lodi is

The relative locations of the loci and the vowel
continuum were selected so as to produce initial F,
and F; movements that would always exhibit either
positive slopes ([w] series) or negative slopes ([j]
series). The general form of the formant-frequency
variation throughout the entire vowel segment was
parabolic. Thus, in the [j] series, the F; and F; transi-
tions were symmetrical parabolas, concave upward in
a frequency-time display. The vowel continuum
patterns in this set were assigned to points of zero rate
of frequency change, where F, and F, reached their
minimum values. In the [w] series the F; and r;
transitions were also symmetrical parabolas; but convez

upward. Again, the vowel patterns occurred at points -
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of zero rate of change, but at these points F, and F,
now reached, their maximum values. The course of Fy
was identical in the two series: It was convex upward
and always reached its maximal value at the zero rate
of change point. The case of zero slope of all transitions
was also included to produce 20 steady-state versions
of the vowel patterns. F inally, duration was introduced
s a variable, the vowel segments being cither 200- or
100-msec long. Twénty vowel patierns, two sets of
consonant loci, one steady-state frame, and two rotes
give a total of (20-2-24-20- 2) =120 stimuli.

These syllables were synthesized on OVE II at the.
Department of Speech Communication (Speech Trans-
KTH, Stockholm. The spectral-

by a single real-axis

pole at 50 cps producing a slope
of —6 dB/oct. The

correction for higher poles that is

introduced by means of the KH and F¥5’ circuits was

- . bandwidths as follows:

at the standard settings of 4 kcps. The frequency of
the fourth formant was fixed at 3500 ¢ps and formant
Bz=50, Bz=60, B;=80, and

B.=125 cps. A monotone fundamental frequency of 100

¢ps was used. The OVE II formant circuits are con- .

nected in series,!0.t '
- In the stationary

Ao, or voice source intensity, .gate were programmed
from the OVE II function generator. In the CVC
syllables, two control patterns for the parameters were
used to generate the stimuli, one for each consonantal
environment. The appropriate frequency values for
the loci and vowel patterns were .obtained by ecali-
brating the frequency range of the formant in question.
This was done to improve the accuracy of frequency

- control. A frequency analysis of each formant circuit—

repeated before each syllable was. synthesized—in-

dicated ' that formant frequencies were within =5

€ps of the desired frequencies. Spectrograms of each
individual test stimulus were examined before the
preparation of test tapes. Figure 3 presents spectro-

graphic illustrations of some of the stimuli generated,

II. EXPERIMENTAL PROCEDURES

The method used to study the perception of the
vowels was a two-alternative forced-choice identification
task. Two groups of American English listeners were

“asked to label the vowel sounds as either (1] or-[v].

Data are available from six subjects run at Haskins
Laboratories (CA, KE, FE, KR, SO, AD), New York,
and four subjects run at KTH, Stockholm (HW, DW,
MS, JH). All listeners were native speakers of American

¥ G. Fant, “Acoustic Analysis and Synthesis of Speech with
ApPlications to Swedish,” Ericsson Tech. No. 1, 15, 3-108 (1959;.

" G. Fant, J. Mirtony, U. Rengman, and A. Risi)erg, “OVE 1L
Synthesis Strategy,” in Praceedings of the Speech Communication
Seminar Stockholm 1962 (Royal Institute of Technology, § eech
Transmission Laboratory, Stockholm, 1963), Vol, 2, paper F3,

vowel serieé; formant frequencies -
. wereadjusted manually: Only the on and OFF sets of the -

ke
Sec

4~

[wVw]

3~

100 msec

3. Spectrographic illustrations of stimuli in the [w-w]
and [j-j] series. ] _ T .

F I-G.

English, of fairly homogeneous dialectal backgrounds
and without obvious speech or hearing defects. With
the exception of one subject (JH), they had had no
Previous experience in' auditory and psychophysical
tasks. No one was informed what the test was about
either before or during the course of the testing.
Subjects were paid for their work. The tests were dis-
tributed over a period of 10 days with one session per
day, and the listening material assigned to each session
lasted, at most, 50 min, exclusive of interruptions and
breaks. The stimuli were arranged in four major groups:
slow [w] and [j] series, fast [w] and [j]-series, slow
#Vi# series and fast #V# series. Four different
randomizations of the stimuli in each series were used.
Each series began with five buffer stimuli that were
not used in subsequent processing of the data. On a
given test tape, there were four 3-4 min series, one
representative from each major group; the order of the
various CVC and #V# tests was counterbalanced
across the tapes. The total number of responses to
each individual stimulus obtained from cach listener
was at least 15. On the average, each observer made

The Journal of the Acoustical Saciety of America 833
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about 2000 responses in all. The New York and
Stockholm subjects were run under almost identical
conditions. They. were seated in quiet rooms or booths
and listened to the stimuli over earphones. To estimate
the absolute level of the stimuli at the subjects’ ears,
the beginning of each tape had a 1000-cps sinusoidal
signal that had been recorded at the level of the maxi-
mum reading for the vowel stimuli on the occasion
of the synthesis. The gain of the tape-recorder play-
back for this tonie was adjusted to give a voltage across
the earphones equivalent to 80 dB re 0.0002 dyn/cm?.
The instructions read to the listeners were as follows:

“This is an experiment in speech perception. You are
going to hear a sequence of vowel sounds. You are asked to
identify each one as either [1], as in ‘bit,’ or [0], as in ‘book.’
In the first two tests, you will hear each vowel placed between
two semiconsonantal sounds. Sometimes you will hear them
between two [w]'’s, as in [wiw] or [wuw]; other times you
will hear them between two [jJ's, as in [j1j] or [juj]. But
whatever their context, you are asked to identify only the
vowel sound in the middle. If you think the vowel is more like
the [1] in ‘bit,’ write { on your answer sheet opposite the ap-
propriate stimulus number; if you think the vowel is more
like the (0] in ‘book,’ write oo on your answer sheet opposite
the appropriate stimulus number.

““There are 45 stimuli in each of the first two tests with a
4-second interval between stimuli and a 9-second interval
after the 15th, 25th, and 35th stimuli. So, each test will last
for about 3 or 4 minutes. We will pause for 2 moment between
tests and you ‘will be warned when the second one is going to

. “In the next two tests you will again hear the vowels, but
- this time you will hear them alone without any surrounding
context, Again you are asked to identify each vowel as either
[1], as in *bit;" or (U], as in ‘book,’ and to record your judg-
ment opposite the appropriate stimulus number on your
answer sheet. . . : .

. “There are 25 stimul in each of the next two tests with a
" 4-second interval between stimuli. So each test will last about
two minutes, We will pause for a moment between tests and

- you will be warned when the second one is going to begin.” .

These instructions were read to the participants be-
fore the first four tests with appropriate pauses for writ-
. ing the symbols and key words on the blackboard, and
for questions and answers. Between every four tests, a
longer break of about 5 min was normally taken. At

subsequent sessions, the full instructions were not re--

peated, but a summary was given: “The tests today are
similar to those of previous days. Remember, you are
asked to identify each vowel as either [1], as in ‘bit,’
or [u], as in ‘book.’” :

IV. EXPERIMENTAL RESULTS [ »
A. Slow Stimuli (Vowel Duration: 200 msec)

Data were plotted for the observers individually in

- the form shown in Fig. 4. This figure shows the per-
centage of [1] responses (dots) and [u] responses
(crosses) as a function of the stimulus continuum.
Low-stimulus numbers refer to vowel patterns with
low F; and F; values (see Section on stimulus specifica-
tion, above). Reading from the top, the graphs show the
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F16. 4. The percentage of [1] responses (dots). and [u] re-
sponses (crosses) for one subject as a function of stimulus number
and vowel environment.

results in the # V#, [wVw], and [jVj] contexts for one
subject (JH). To present the results in a fairly compact

* form, a quantification of the data has been attempted.

On the assumption that the probability of making a

_given response increases (or decreases) in the region

of a phoneme boundary, according to the function of
an integrated normal distribution, ogives were fitted
to the individual identification graphs as shown in
Fig. 4. The mean value of the distribution corresponds
to the boundary, or the 50%, crossover point along the
continuum. Its standard deviation is inversely related
to the steepness of the cumulative curve. Mean values
£ and standard deviations o for such- distributions are
presented in Table I for individual observers and for
the three stimulus conditions # V#, [wVw], and
(GVj]. The duration of the vowel segment was 200 msec
in this material, To establish £ and #, the data were also
plotted on normal-probability graph paper and a best-
fitting straight-line approximation was determined in
the region of the phoneme boundary by visual in-
spection.’? This transformation of percentages into o or
2 units has the effect of magnifying the importance of
“noise” inherent in data points close to the asymptotes
of the distribution, whereas errors of equal magnitude
at more and more central values are given successively
less weight. This fact was considered in the curve-
fitting procedure by restricting it to the transitional
segment between asymptotes.

Before considering the boundary locations, something
should be said about the variability of the data. It

12 A somewhat different procedure was used for the [w] data.
It is described later in Sec. VI. '



- purpose in such cases, these data are not tabulated.
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?i:“m L Fifty percent crossovers
an iati i
obtained for steady-state condition (2, and
[w-w] context (2. and ou) and the (§-i] -context
¢ numbers are in terms of stimulus numbers (2)

steps (o). Duration of vowel stimuli: 200 msee,

2, Ty 2y Ow 2 41
Ca 13.7 28 6.7 5.0 oo e
KE 12.7 2.3 9.0 3.5 14.5 3.7
FE 13.2 2.2 .83 3.5 149 3.0
KR 129 24 9.6 4.7 14.4 24
SO 14.4 2.2 16.4 4.3 s soe
AD 13.0 2.6 12.3 4.0 14.3 4.0
JH 14.7 0.9 8.6 1.3 16.2 1.7
MS 14.8 0.8 13.2 1.7 118 1.2
Dw 12.3 12 12.1 0.9 2.0 20
HW 14.0 13 17.1 4.2 11.0 3.3

appears from Table I that the ¢ values are somewhat
larger for the consonantal contexts than for the # V#
situation. This result may be taken to indicate that
subjects found it more difficult to make the judgments
in the former cases. It is not unlikely that the con-
sonantal stimuli struck- some observers as more un-_
- natural than the sustained vowels, For, though (by
some stretch of the imagination) a [wVw] stimulus
might roughly sound:scmewhat like will or woal, it is
‘hard to find any English words to match the [jVj]
stimuli. The difficulty of theconsonant
also be inferred from the fact that three subjects failed
altogether to show crossovers in the CVC situations,
as did subjects CA and SO in the [j] environment. -
These data deviate from those of the others either in
that the percentages of [1] and [v] answers fluctu.te
around 50% all along the stimulus ‘continuum, or in
* - that the subject favors a single response close to 1009, -
of the time. Since cumulative ogives serve no descriptive

For the remainder of the material, clear crossovers were :
-~ obtained. Yet some subjects showed uncertainty as to
* the identity of the vowel, even in clearly “asymptotic”
- regions of the stimulus _continuun;,yan_d would, in such
- cases, produce aSymptotes. closer to"10% and 909,
rather than to the expected 09 and 100%. It is, thus,
‘clear that observers differed markedly in the case with
which they made the identifications.- '
 An examination of the boundary locations for the.
three experimental conditions indicates that for most of
the subjects the [w] environment shifts the boundary
towards low-stimulus numbers in relation to its posi-
tion in the #V# situation. This general tendency is
brought out most clearly in Table IT where the distances
between the boundaries for the consonant and the
steady-state vowel contexts are prescnted for the ob-
servers individually and in terms of median values.
The median boundary displacement for the [w]
context is 3.5 continuum steps in the direction of low-
stimulus numbers, and that for the [j] context is smaller
(1.4 steps) but occurs in the opposite direction. These

environments can . -

“the [w] context than for the

* .

VOWEL RECOGNITION

Tasiz II. Data from Table I. Displacement of boundac;
for CVC stimuli in relation to #V# l:'tainmli. ll;osi?:ive ggm‘;)r;crss

indicate downward shifts, negative numbers upward shifts, -
v = ——
Subject zv‘zw tv'xj )
CA 70 vee
KE 3.7 -1.8
FE 49 -1.7
KR 33 -15
SO 40 el
AD 0.7 -1.3
JH 6.1 —1.5
MS 1.6 3.0
Dw 0.1 3.3
HW -3.1 3.0
Median 3.5 -1.4

shifts, when expressed in terms of the frequency steps of ,
the second formant, are approximately 185 cps CwD.
and 75 cps ([j]). Hence, there is a clear tendency for
the boundary location to vary with context: it shifts in
the direction of the consonantal loci. The [j] stimuli
yield less consistent results in that the shifts occur
towards both high- and low-stimulus numbers. The
data of subject HW differ most markedly from the
general trend of the material both in the direction and .
in the magnitude of the shifts, P .

In Fig. 4, the boundary shifts have the same direc- =
tions as the median displacements discussed above. It _
is apparent that a larger displacement is obtained for e
[G] context. The [w] =

stimuli were those with convex frequency-time varia- -

“tion in the second and third formants, so that the initial
transitional segment always
- rising transitions, The midpoint vowel patterns at the
‘termination of these segments
_the frequency maximum of.

contained .positive or

Jinvariably represented
the formant.in: question

(F1 included). In terms of steps along the continuum,
.the boundary shift is about
-this “effect in terms of- [J
said that in 1009 of the

320 cps in Fy. Describing
responses alone, it can' be
cases stimulus No." 11 in the
[w] seties appeared equivalent to stimulus No. 17
in the #V# series, as regard vowel identity. Thus, -
in the [w] context, the pattern of maximal extent of the -
formant transitions need only be about F,=350,

- Fp=1525, and F3=2575 for it to be consistently labeled

’ [I]’

whereas, in the # V# situation, a more “acute”
pattern of F;=350, Fy= 1815, F3=2740 is required to
elicit equally consistent [1] responses. The [j] stimuli
had second and third formants that varied in a concave
fashion as a function of time, so that the initial transi-
tions were falling (except for the first formant transi-
tions that were identical in the (w] and [j] series and
exhibited a rise-fall or convex time variation). At the
point of zero rate of change, formants (F, and F;)
reached their minimum frequency values. The boundary
shift brought about by the [j] context is much smaller
than for [w], only about 1.5 continuum steps as com-
pared with 6 for [w]. On the whole, the identity changes
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I told you you will woo her

1 sec

F16. 5, Spectrogram of 7 told you you will woo her propounced naturally with contrastive stress on will and reduced stress on the first

you. Notice the small difference between the cent

are most extreme in the region of Vowel Patterns 11,
12, 13, and 14, where symbol assignment shifts radically
from 100% [1] responses in the [w] context to nearly
100% [u] judgments in the [j] environment.

V. DISCUSSION

. A, Comple'mentarity of Vowel Production
- ~""."and Vowel Perception - :

_The results of the identification experiment suggest
that vowel stimuli that were identical with respect to
- midpoint formant frequericies, but differed with respect
. to formant transitions, were not ‘perceptually equiva-
. lent. One purpose of the experiment was to investigate
the relative réles of formant transitions and such mid-
point patterns in vowel recognition. The present results
appear to indicate that the identity of a vowel stimulus
is determined not only by the formant pattern at the
point of closest approach to target, but also by the
direction of the adjacent formant transitions. A second
objective was. to ascertain whether operations con-
tributing to the reduction of ambiguity can be invoked
in the recognition of monosyllabic nonsense speech.
Do the particular effects observed in this experiment
serve this purpose?

That, in fact, they do appears from the following
considerations. As mentioned earlier, formant frequen-
cies at the center of vowels may undershoot their
target values and be displaced away from the values
observed for steady-state conditions in the direction of
adjacent consonantal loci. (Refs. 2, 3, 4, and 6.) In
the production of syllables like [wiw] and [wuw],
1967

Yolume 42
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Fy values in [ju:jJ'and [wil]. Compare this utterance with that in Fig. 6.

formants will, thus, be shifted towards their values for
[w];and for syllables like [jij] and [juj], towards their
values for [j]. An illustration of such-effects; is-given in
Figs. 5 and 6, which show spectrograms of .the utter-
ancsIloldyouyouwﬂlwaohcrandIloldjouyou

* will woo her, pronounced by a native male speaker of

American English, The utterances contain the phonetic
segments [—ju:j—] and [—wil—] under different
conditions of stress that approximate some of the test

syllables used. Table III shows differences between F;

TastLE IIL Differences in cycles per second between the second
formant values of [1] and [u:]in “null” environments and

_context (F; undershoot).

Stressed Unstressed Contextl
[u:] 0 —660 G-
0d 4420 +970 [w1]

values for [1] and [u:Jin a “say hVd again” environ-

.ment and the above segments. Each value is based on

10 measurements and has been sampled at points of
closest approach to target. These data confirm the
results of earlier investigations by demonstrating that
formant undershoot occurs in the direction of the im-
mediately adjacent loci and increases with shorter dura-
tion and decreasing prominence (Refs. 3 and 4). There
is an asymmetry between the magnitudes of undershoot
observed in the [j-j] and [w-1] environments, the
displacement being greater in the [w-1] environment
for both conditions of stress. This result may indicate a
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| told yoy you will woo her

F1c. 6. Spectro,
in the middle of

difference between the time constants of the movements

involved, but may also be related to differences in

" locus-target distances, vowel duration, and stress.
. As noted earlier, the boundary shifts observed ‘in
Fig. 4 also occur in the direction of the loci. In terms of
the stimulus continuum the [w] boundary is located six
steps away from the position of the # V# boundary:

" It has been shifted toward low-stimulus numbers, t*at
is, toward the [w] loci. Similarly, the [j] boundary
has been slightly displaced toward the [j] loci. For this

subject, it is clear that calegorization of the continuum -

is adjusted in the different environments so as fo com-

. pensale for an undershoot effect in the vowel stimuli.

From the point of view of certain acoustic attributes of
vowels, it would appear that the processes of vowel

production and vowel recognition have complementary -

rdles: recognition compensates for production.

B, Active Reéognition Model

The corﬁplementarity between production and rec-
ognition at the level of the nonsense syllable can be

1 An interesting question is to what extent the control of the
articulatory goals underlying the production of American English
vowels remains invariant under changes of stress. Current
linguistic analysis of American English* postulates a vowel
reduction rule that, in certain situations, would replace, for
instance, an [1] vowel by an  [¥] provided that at least tertiary
stress had been assigned to the [1] previously in the stress cycle.
Whether such a rule reflects a restructuring of the articulatory
control of vowel prununciation or merely describes an automatic
physiological consequence of weak stress falls outside the scope of
the present discussion. . . .

1 N. Chomsky and G. A. Miller, “Introduction to the bon;ml
Analysis of Natural Languages,” in Handbook of Mathematical
Psychology (John Wiley & Sons Inc., New York, 1963), Vol. 2,
op. 269-321.

1sec

of I lold you you will woo ker with contrastive stress on the first d red t i
e vowels of D?:x: iland [wil] are almost identical. youand e u'c edstresson wil. Fy samples taken

shown to be compatible with, for instance, an “active”
perceptual analysis. By an active strategy, it is meant
one that embodies an internal replication of the
stimulus. The ‘speech recognition model proposed by
MacKay,'1¢ analysis by synthesis (Ref. 2),1748 and the
motor theory's- fall in this category. The steps by which
the recognition of syllables like [jrj], [wuw], etc.
might proceed according to such a scheme are as follows :
The stimulus undergoes peripheral auditory analysis. -
A decision is made as to the contextual frame: Is it .
#V#, [wVw], or [jVj]? A computation is miade ‘of

- the auditory consequences of realizing an [1] artic-

ulatorily and acoustically in-the selected context. The
result of this replication is compared with the input -
stimulus. The error is measured. -The vowel [u] is rep- .

%D, M. MacKay, “Mindlike Behaviour in Artefacts,” Brit.
J. 8d. 2, 105-121 (1951).
1 D. M. MacKay, “The ‘Active/Passive’ Controversy,” paper
resented at the Seminar on Speech Production and Perception,
ningrad 13-16 Aug. 1966 (to be published in Z. fiir Phonetik

YE. N. Stevens and M. Halle, “Remarks on Analysis by
Synthesis and Distinctive Features,” paper presented at the
Symposium on Models for the Perception of Speech and Visual
Form, Boston, Mass., 11-14 Nov. 1964 (to be published). .

K. N. Stevens and A. S. House, *Speech Perception,”
Foundations uf Modern Auditory Theory, J. Tobias and E. Sc ubert,
Eds. (to be published).

1 A. M. Liberman, F. S. Cooper, K. S. Harris, and P. F. Mac-
Neilage, “A Motor Theory of Speech Perception,” in Proceedings
of the Speech Communication Seminar Stockholm 1962, (Royal
Institute of Technology, Speech Transmission Laboratory, Stock-

holm, 1963), Vol. 2, paper D3.

# A, M. Liberman, F. S. Cooper, M. Studdert-Kennedy, K. S.
Harris, and P. F. -MacNeilage, “Some Observations on the
Efficiency of Speech Sounds,” paper presented at the Seminar on
Speech Production and Perception, Leningrad, 13-16 Aug. 1966
(to be published in Z. fiir Phonetick usw.).
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licated in a similar manner in the same context, Again
the result is compared with the input. The vowel
yielding the smaller error is the response. Accordingly,
at the extreme low end of the vowel continuum, it is
[u] that gives the smaller error in the #V# context.
As the stimulus number increases it is still [u] that
gives the better match until stimuli near the boundary
are encountered. Here errors are about the same for
both alternatives, It is seen from Fig. 4 that, in the

#V# context, the boundary occurs, not at the mid-.

point of the continuum, but around Stimuli 14 and 15.
This asymmetry might indicate that the listener in
question assigns a more central continuum location to
a typical [u] sound than to an [1] which appears to
be located at the extreme high end. The same reasoning
applies to the other contexts. However, if the process of
internal replication is to simulate accurately the trans-
formations from neural commands to sound, coarticula-
tion will be one of the features replicatea. Hence, it
should predict different formant patterns for the two
vowels in the various contexts. Not only will there be
transitions in the case of the [w] and [[j] environments
and more or less steady-state formants for #V#, but
the formant pattern at closest approach to target will
also be different owing to the undershoot effect.
Consider a vowel formant pattern in the [wVw]
context having an intermediate position on the stimulus
continuum ; Stimulus 11, for instance. The time varia-
tions of the second formant of this stimulus are shown
to the left in Fig. 7. The ordinate has a mel scale. The
internal regeneration mechanism supplies two alterna-
tive comparison patterns [wiw] and [wuw] (upper
right of the figure). It is assumed that these patterns
have been computed in accordance with the dynamic
laws of speech production. Thus, the point of closest
target approach falls short of the intended target fre-
quencies for [1] and [u]. The assumptions underlying
_ the construction of the replicated patterns are: (a) the

TIME VARIATICHS OF SECOND FORMANT

- STIMULUS PATTEAN it

SUEENALL BEIE, TATEDT
CONTEXT (Wyaj CCMPARSONS
MELS STMULUS - 4
NUMBER
-
500§ 0 v €, <€,
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— '“ 2
. €'
~ s i
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,
1 tire  — tre ——-
sl - T

F16. 7. “Active” analysis of Stimulus Pattern 11 in the [w-w]
series (in terms of second formant only). Stimulus Pattern 11
is compared with two “internally computed” candidates for the
best match: [l;uw] and [wew]. These hypothetical alternatives
exhibit undershoot in relation to the targets (dashed). In this case,
[wiw] gives the smaller error (e <vy), which makes [1] the
vowel response.
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TIME VARIATIONS OF SECOND FORMANT

STIMULUS PATTERN 11 “INTERNALLY REPLICATED®
S

CONTEXT ([Jv.] COMPAR1SON:
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NUMBER
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F16. 8. Analogox_xs to Fig, 7. Stimulus Pattern 11 occurs in the
[i-j] context. Notice that it is joi] that now gives the smaller
error (gy <e1) so the response is U_}]. :

[u] and [1] target patterns correspond to Stimuli 4 and
20, respectively. ([u] is given a slightly more central
location than [1]); (b) the undershoot in F 2 depends on
the locus-target distance in question and is estimated at
25%, of this distance for the present case. For the pur-
Poses of the present discussion, the deviation of the
theoretically generated alternatives from the stimulus
is taken to be defined simply as the difference in mels -
between these patterns at the instant of closest approach
to target. If the mismatch for [1], henceforth denoted
€1, is larger than that for [v], ey, the vowel recognized
is [u], and conversely; since in the present case of
[wVw] e1<ey’ the vowel response is [i]. In Fig. 8 is
shown the identical vowel formant configuration now
in the [jVj] context. The internally generated candi-
dates exhibit the same dynamic features as the previous

. patterns. It is seen that, although the formant con-

figuration at zero rate of change is the same as before,
a comparison of the errors in this context gives the
opposite result. Since sy<e;, the vowel recognized is
[v]l. As remarked above, such radical identity
changes can be observed in Fig. 4. in the region of
Vowel Patterns 11, 12, 13, and 14 for the two conso-
nantal environments. For [wVw], e;is smaller than ey
for stimulus numbers larger than 11, whereas the situa-
tion where £:>€y obtains will be approached as lower
stimulus numbers are encountered. Accordingly the
boundary between [1] and [v] lies delow Pattern 11
in the [w] environment. Similarly, in the case of
[iVi], e is smaller than ¢ for stimulus numbers below
11 and the [1}-[v] boundary, or the switchover from
(eu<er) to (ev>er), occurs abore Stimulus 11. As seen
earlier in Fig. 4 and Table I, this is also the direction
in which the experimentally observed boundary shifts
occur. If the exact locations of the boundaries are taken
to be found at a place where ¢y=ey the expected bound-
aries occur between 8 and 9 (w), 12 and 13 (# V#), and
15 and 16 (j). The observed locations shown in F ig. 4
are about 8.5 (w), 14.5 (# V#), and 16 (j). The major
discrepancy, two continuum steps, is obtained for

Le .
’
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# V#. The asymmetrical distribution of the estimated
locations is in agreement with the data and is due.to
the definition of errors in terms of mels and the choice
of target values for [1] and [u]. This asymmetry com-

pares favorably with that observed in the formant- -

undershoot data from natural utterances similar to the
present test syllables (Figs. 5 and 6).

VI. EXPERIMENTAL RESULTS II -
A. Fast Stimuli (Vowel Duration: 100 msec)

The vowel recognition behavior under analysis is
- of great complexity. Any attempt to model it at present
must be functional rather than structural. Accordingly,
little can be said now about the actual mechanisms
underlying the boundary shifts. On the other hand, the
active model suggested above, although informal,
provides a convenient starting-point for a further ex-
amination of the complementarity of production and
perception at the nonsense syllable level. As used here,
complementarity refers to the observation that, from
the point of view of the phonetician, mechanisms of
production introduce ambiguity at the acoustic level,
whereas perceptual mechanisms resolve it. If -the de-
pendence of undershoot on the rate of talking (Refs.

3 and 4) were incorporated in the active recognition

scheme, the internally predicted undershoot would
depend on a measurement of the duration of the vowel.
Since there is a general tendency in this material for
the boundary shifts to occur.in such a direction that
they in fact compensate for undershoot in the vowels
(whether subconsciously ‘“assumed” or not by .he

listener), it is reasonable to ask whether a compression

of the time scale of the same stimuli patterns would
give rise to even larger boundary shifts. These con-
siderations lead to a ‘new experiment that might
establish whether recognition at the nonsense-syllable
level corrects for the variance and ambiguity in vowels
to the same extent as they are introduced by production.

As mentioned earlier, in the Section on stimulus
specification, two sets of stimuli were synthesized. One
set contained vowels 200-msec long. The experimental
results presented so far pertain to this set. During the
listening sessions, subjects made responses also to a set
of fast stimuli that differed from the slow ones only in
that the time scale of the vowel segments had been
compressed by a factor of 2 (Fig. 3). Vowel segments
were consequently 100-msec long, and the over-all
length of the CVC syllables was 140 msec. These sounds
were presented under conditions described in the Section
on experimental procedures. These conditions were
identical for fast and slow stimuli, but the two types

of stimuli occurred in separate groups on the test tapes. -

The data were plotted in the form of identification
graphs, and ogives were fitted to the data points. The
results of this experiment closely resemble those
already discussed. Table IV shows crossover values ()

+

TasLe 1V. Fifty percent crossovers (2) and standdrd deviations
(o) for data from.a supplementary experiment in which vowel
’slprlr)lluhl were 100-msec long but otherwise identical to those of

able I. :

Subject 2 ay 24 T 2 oj
ca 12.6 2.5 6.0 3.1 e ..
KE 12.6 2.2 6.9 2.6 120 72
FE 12.1 2.2 5.5 3.4 16.2 2.6
KR 12.1 20 5.6 2.6 12.5 3.3
SO 13.4 1.8 9.0 1.2 cee .
AD - 123 2.5 80 40 13.3 33
JH i4.1 1.0 8.3 1.3 16.9 14
MS 14.3 0.8 12.0 3.7 11.8 1.7
DW 11.3 1.2 11.5 1.2 8.8 23
HW 14.0 1.4 17.7 3.8 11.0 3.7

and standard deviations (o) for the three stimulus
conditions. Boundary shifts occur as before (Table V):
There are substantial downward shifts for [w]} and
upward shifts for [j]. Exceptions from this tendency
are found among subjects who also deviated earlier.
In similar agreement with the previous results, standard
deviations are somewhat smaller in the # V# context,
and Subjects CA and SO have trouble with the [j]
stimuli, showing no crossovers. oo

TABLE V. Data from Table IV. Displacement of boundaries for
CVC stimuli in relation to # V# stimuli.

Subject

22y 2,2
CA 6.6 ves
KE 5.7 0.6
FE 6.6 ~4.1
KR 6.5 -0.4
SO 44 ver
AD 4.5 -0.8
JH 5.6 -~2.8
MS - 2.3 .25
DwW -0.2 2.5
HW -~3.7 30

Median 5.0 0.1 *

Consider again the active model and the replicated
patterns corresponding to [1] in the [w] and [j]

contexts. The duration of the vowels is now 100 msec.

Let the internal replication mechanism make the same -
calculations as before, except that the undershoot effect
is now assumed to be larger, say, 50% of the locus—
target distance. As before, the [1}-[v] boundaries
are located at a point on the continuum that yields
equally large errors in terms of mels and the midpoint
value of the second formant. These conditions now give
boundary locations slightly above Stimulus No. 4 for
[w], and close to 18 for [jJ. The duration decrease of
the stimuli should consequently cause a further shift
of the boundaries by about four steps for [w] and by
two steps for [j] from their previously estimated posi-
tions. Wherever a graphical curve-fitting procedure
made a significance test of differences between the fast
and slow data seem worthwhile, the 509, crossover
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Tasie VI Shifts of the [w-w] and Li-i] boundaries as-
suciated with a change of vowel duration in the stimuli. Positive
numbers refer to upward shifts and conversely,

Subject A, Az]
CA -0.7 oo
KE —2. 1% -5
FE —2,9%e +1.3
KR . —3.9%* -1.9
) =L
AD BT W -1.0
JH -01 +0.7
MS —1.2%s 0.0
Dw —=0.6* -0.2
HW 06 0.0

points, or means (), and the standard deviations (o)
were established by means of probit analysis, 222
According to this method, the best-fitting lines were
determined after transforming response percentages to
weighted values or probits, a procedure whereby points
receive weights depending on both their inherent
statistical reliability and their relative location in the
distribution. Only the data lying between asymptotic
regions were used. The method also provides an esti-
- mate of the variance of the crossover points, which
makes it possible touse a £ test to judge the significance
of crossover differences. In this test, an infinite number
of degrees of freedom was assumed. -

Table VI shows the boundary displacement as-
sociated with a duration change in the stimuli. The
values given refer to the differences between “fast” and
- “slow” boundary locations. A negative number thus

- indicates a downward shift, a positive number an .
~ upward shift. It is seen that for (w1, shifts occur in the -

~ expected direction. Their magnitudes are, in general,

- smaller than estimated. On the other hand, the differ- -
ences are probably not due to chance as indicated in
. theTable by tlie conventional. asterisk notation. Only -

the [w] data seemed worth processing ‘statistically,
Thus, Tables I and IV-Show graphical estimates for
#V# and [jVj], and computed: estimates for [wVw].
In the case of [jV], the results are less consistent with
respect to the direction of the shifts that are small.

VIL. PERIPHERAL REPRESENTATION
- OF VOWEL SOUNDS
The response of the human auditory system to a
sound can be shown to depend appreciably on the
acoustic context of this sound. Such dependence is
exemplified for instance by adaptation and fatigue
" phenomena that manifest themselves as a time-varying
short-term or more persistent reduction of auditory

#J. P. Guilford, Psychometric Meirods (McGraw-Hill Book
Co., New York, 1954),

2 D. ]. Finney, Probit Analysis (Cambridge University Press, -

Cambridge, England, 1947).
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sensitivity. = Threshold shifts of this kind introduce

& temporary decaying skewness in’ the frequency

response of the ear and have for this reason been con-
sidered responsible for certain pitch-shift effects. It has
been found, for instance, that the pitch attributed
to- pure tones tends to be displaced away from a fre-
quency region whose threshold has been temporarily
raised by preceding or simultaneous stimulation,. to-
wards a more sensitive region (Ref. 23).2627 Whereas
there is a great deal of information in the literature on
such contextual effects in the perception of pure tones,
there appear to be few, if any, data on the peripheral
representation of spectral shape in complex sounds like
vowels and still fewer on the dependence of such Tep-
resentations on various environmental conditions. There
is; however, a study by Brady ef a/.2% on the perception
of sounds with a rapidly varying formant frequency
that may be of some relevance to the Ppresent discussion.
In that investigation, listeners were asked to find a
best match between a test sound and an adjustable
comparison stimulus. Both stimuli were single-formant
sounds of equal duration in the range of 20-50 msec and
generated by identical periodic excitation. In the test
stimulus, the resonant frequency varied linearly aver
a 500-cps range; the resonant frequency of the com-

-parison stimulus was steady-state, but could be ‘con-

trolled by the observers. The results indicate that the
preferred location of the formant frequency of the
comparison stimulus was a value close to the terminal
frequency of the varying formant. It is of interest to
note that this tendency was stronger for a faster rate
of frequency change and somewhat more pronounced

“for upward frequency ramps than for downward ones.’
-In conclusion, the authors suggest that “there:m
. some overshoot or extrapolation in the Pprocessing of

brief stimuli characterized by rapidly changing spectra.”
There are several possible ways in which these results -
could be interpreted. The foregoing discussion -suggests .

~one: The hypothetical overshoot mechanism "(whose -

existence is supported by the tendency to place the -
comparison resonance still closer to the terminal
frequency for a faster rate of frequency change) could
tentatively be identified with adaptational processes.

# G. von Békésy, Experiments in learing (McGraw~Hill Book
Company, New York, 1960), pp. 366-368.

# R, Plomp, Experiments on Tone Perception (Institute for
Perce&fgn RVO-TNO, Soesterberg, The Netherlands, 1966),

. 20-22, .
ppu E. Lascher and J. Zwislocki, “The Decay of Sensation and
the Remainder of Adaptation after Short Pure-Tone Impulses on
the Ear,” Acta Oto-Laryngol. 35, 428-443 (1947).

*J. P. Egan and D. R. Meyer, “Changes in Pitch of Tones of
Low Frequency as a Function of the Pattern of Excitation Pro-
duced by a Band of Noise,” J. Acoust. Soc. Am. 22, 827-833

1950).

( # J. C. Webster and E. D. Schubert, “Pitch Shifts Accompany-
ing Certain Auditory Threshold Shifts,” J. Acoust. Soc. Am. 26,

754738 (1954).

# P. T. Brady, A, S. House, and K. N. Stevens, “Perception of
Sounds Characterized by a Rapidly Changing Resonant Fre-
quency,” J. Acoust. Soc. Am. 33, 1357-1362 (1961).
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~During the test stimulus, auditory
pictured. as follows: There occurs a continuous change
in the sensitivity of the ear owing to adaptation. At any
given moment the “tracking” of the formant peak may
be shifted towards a region of lower threshold, that is,
-upwards for an ascending ramp and downwards for
descending ramps, the amount of displacement de-
pending on how far adaptation has progressed at that
moment. This effect would accordingly be one of the
factors contributing to shifting matches closer to tie

cvents can be grossly ¥, and Fy at 1525 ang 2575 cpswill be sufficient. to
elicit the correct response from the listener of Fig. 4.
Thg situation is reversed, but similar, for the [jVj)
environment and an [U] vowel. In terms of the extent
of formant movements in syllables like [wiw] and
(juj], this, consequently, means that a complete transi-
tion from loci to vowel target is not required. The
transitions could undershoot their target frequencies for
.- the vowel to a certain extent without distinctiveness
- being lost. Under such circumstances, it is not necessary

terminal frequencies of the ramps. If verified by future
experimentation® these speculations invite the con-
clusion that the peripheral auditory representation of
spectral formant peaks depends on the rate of formant
frequency change and offer a possible explanation of
some of the present rate- and context-dependent bound-
ary shifts. According to this view, vowel production
and vowel perception could be said to be comple-
mentary in the sense that articulatory activity is
characterized by undershoot and perception by
overshoot.

VIIL DISTINCTIVE FEATURES

There are various other ways of describing the results
obtained, for instance, in terms of distincitive features.
If, in a sequence of feature complexes, one of the features
takes the values of +-=+- in one case and ——— in

“another, the phonetic correlates of the middle segment

~ need exhibit less pronounced “negativity” in absolute °

terms in the positive context than in the negative one,
- In Fig. 4, this is illustrated by the fact that the observer
permits [U] vowels to possess less marked cues of
flatness (labialization) and graveness (velarization) in
* the plain (unrounded) and acute (palatalized) context
of [j], and conversely [1] vowels to present less trace
of plain and acute attributes in the flat and grave
environment of [w]. This interpretation exemplifies
the statement that phonetic features are relational.
Their values are specified along scales in relative
terms.®3! The data may also be examined with respect
to their implications about a talker’s encoding strategy.
In order to produce [1] and [v] sounds that remain
distinctive, what is minimally required of him?
Suppose that he produces [1] and [u] vowels that are
most intelligible when their formant patterns approach
the upper and lower ends, respectively, of the vowel
continuum. In the [wVw] context, it.is not necessary
for an [1] vowel to have a formant pattern that lies
close to the upper end of the continuum. For example,

® It is believed that information relevant to these questions
can be obtained by means of standard psychoacoustical experi-
mental techniques. Severah projects designed to elucidate these
roblems are at present under way. ‘ :
P F. de Saussll)xre, Cours de ;ét’tlguislique générale (C. Bally &
Sechehaye, Paris, 1916), pp. 1-337.

AR, ,}]"aicobsox; and ,Ap . Halle, Fundamentals of Language
(Mouton and Company, 's-Gravenhage, The Netherlands, 1956),
pp. 1-87. ;-

for a talker to compensate for the sluggish dynamics
of his articulatory mechanism by reorganizing his
control of it in such a way that undershoot is avoided.
The present findings suggest that there may be recogni-

*~tion - processes that 'compensate for “this sluggishness

and absence of reorganization. Not only do we “speak
to be heard in order to be understood,” but we obviously
also listen to hear in order to understand.

IX. ROLE OF EXPECTANCY

~ It might be argued that the boundary shifts have to
do with differences in the predictability of the vowels
in the different contexts. According to this view the
more probable vowel could be given as a response to
‘stimuli located in an intermediate uncertainty region
* between clear [1] and [v] alternatives. This bias should
have the effect of moving the boundary towards the
less probable vowel. It can be objected that such a
mechanism would remain insensitive to a tempo change.
Since duration-dependent shifts' were observed, this
* view is difficult to defend. Moreover, it is not clear what
should be meant by the notion of “more probable
-vowel” in this connection. ‘ ' v
X. PRODUCTION AND PERCEPTION -

- OF DIPHTHONGS : '

There is an old obsérvation on the perception of
diphthongs that appears pertinent in connectionwith the
present results. Jespersen® writes: “Fallende Diph-
thonge. Hier entscheidet oft bloss die Richtung der
Bewegung den resultierenden Laut. Statt dass man
z.B. in beabsichtigtem [ai] den ganzen Weg von [a]
bis [i] geht, begniigt man sich damit, nur ein Stiick
zu gehen, indem das Ohr leicht gelduscht wird (italicized
by us, BL/MSK) und die Phantasie leicht das Fehlende
ergiinzt.” Similar remarks can be found in the works
of other authors.® Thus, Jones states that “the English
diphthong g is one which begins at ¢ and moves in the
direction of i. To give the right effect (italics ours,
BL/MSK) it is not necessary that i should be quite
reached; the diphthong may, and generally does, end
at an opener vowel than this, such as a fairly open
variety of e.” The italicized passages clearly imply that

% Q. Jespersen, Leirbuch der Phonetik (Verlag von B. G. Teub-
ner, Leipzig, Germany, 1926), p. 208. .
8D, Jones, An Qutline of Engli:h Phonetics (W. Heffer & Sons
Ltd., Cambridge, England, 1956), pp. 58-39 Sec. 224. .-
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the auditory value of the second element is [i], in

the opinioti'of these phoneticians. Thus, an articulatory
movement [Qe] or [a€] is heard as [@i] by the naive
listener. In terms of the second formant of such sounds,
there would be a transition that would have a positive
slope and would fall short of an (i] value, thus, terminat-
Ing at a lower frequency. In spite of this reduced extent,
an [i] element is claimed to be heard that is analogous
to what was found for [wiw] in the present muterial.
XI. SOME PARALLEL OBSERVATIONS

The results of Fujimura and Ochiai (Ref. 9) on
vowel identification also bear on our own findings.®

These investigators- gated out 50-msec portions of

vowels from Japanese words and made an analysis of
listener responses to these segments presented in
isolation. In general, the confusions could be explained
in terms of coarticulation. Thus, it was found that an
(u] from /yuyusii/ was recognized as /i/. If more of
the context or the entire word had been presented,
confusions would not have occurred to the same extent.
The implication of this work (and of our own) is that
the assignment of symbols to vowels normally involves
some sort of context-sensitive routine. Whether these
operations are of short-term (syllabic) and/or long-term
(word) nature .cannot be inferred from this Japanese
investigation. The present findings on the categoriza-
tion of the [1]-[u] continuum, on the other hand, do
not exclude the interpretation that, among other proc-
esses, a short-term mechanism might be involved.

In agreement with the present results, Stevens
found that listeners tend to categorize a given vowel.
continuum differently depending on whether the vowels
are isolated and steady-state, or embedded in a CVC
frame. It is of interest to note that, the boundary shift
observed also occurred in a direction so as to compensate
for potential undershoot effects.

Fry et al.* observed a dependence of vowel labeling on
context. These investigators asked listeners to identify
synthetic steady-state vowels presented in ABX
groupings. They conclude that the effect of sequence
on vowel identification is considerable. There was a
tendency for a given vowel stimulus along an [1}-[2¢]
continuum to be judged as closer (more [1] like) when
paired with a more open sounding ([2] like) vowel,
and conversely, as more [2e] like in the neighborhood
of a closer sounding stimulus. Similar context depen-
dence in vowel perception was reported also by Lade-

# We wish to express our gratitude to Proiessogs Fujimura and
Ochiai for putting a prepublication draft of this paper at our
disposal,

'?K. N. Stevens, “On the Relations hetween Speech Move-
ments and Speech Perception,” paper presented at the Seminar
on Speech Production and Perception, Leningrad, 13-16 Aug.
1966 {to be published in Z. fiir Phonetik usw). .

*D. B, Fry, A, §. Abramson, P. D. Eimas, and A. M. beermnn‘ :
“The Ldentification und Discrimination ol Synthetic Vowels,
Language and Specch §, 171-189 (1962).
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foged and Broadbent.s” This study demonstrated that
the vowel in a monosyllable could be influenced by the
formant patterns used in a preceding carrier sentence.
The results of Fry ef al. appear to indicate that a shift
of reference frame in vowel perception may occur
although the stimuli do not contain formant transitions
and are separated in time by as much as one second
(Ref. 36). At present, it cannot be determined whether
these contrast effects and the present analogous

- [1}-Lu] boundary shifts are attributable to the Same

underlying mechanism., It is worth reiterating, however,
that mechanisms of perceptual analysis whose opera-
tions contribute to enhancing contrast in the above-
mentioned sense are precisely the type of mechanisms
that seem well suited to their purpose given the fact
that the slurred and sluggish manner in which human
speech sound stimuli are often generated tends to
reduce rather than sharpen such contrast.

X1I. SUMMARY AND CONCLUSJONS

1. Listeners were found to categorize a vowel con-
tinuum ranging from [1] to [u] differently depending
upon whether the context of the vowels was # Vi,

Lw-w], or [§-j].

2. The locations of the boundary between (1] and
[u] observed for [w-w] and [j-j] tended to be dis-
placed towards the consonant loci in relation to its
position for # V#.

3. The boundary shift was most marked for [w-w].

4. A decrease of the duration of the vowel stimuli
gave results similar to those mentioned above but was
associated with a slightly larger boundary displacement
for [w-w]. :

There emerges from these two experiments the
tentative conclusion that, in the recognition of mono-
syllabic nonsense speech, the identity of a vowel sound
is determined not only by the formant pattern at the
point of closest approach to target but also by the
direction and rafe of adjacent formant transitions.
Boundary shifts in the [w] context occurred in such a
direction as to compensate for formant-frequency under-
shoot in the vowels. Vowel recognition thus compen-
sated for vowel production. In'this sense, these processes
were found to exhibit complementarity.
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